To establish the normal range of diastolic and systolic left ventricular wall-to-cavity ratios.
Introduction
There is a clinical need for a simple measure to diagnose and monitor left ventricular hypertrophy that could be used in the growing child, where age-related growth of the heart makes it difficult to assess superimposed pathological left ventricular hypertrophy. Normal ranges of cardiac wall thickness and of left ventricular cavity dimensions measured by M-mode echocardiography have been published for neonates [1] [2] [3] . For older children graphs have been published relating left ventricular wall thickness and dimensions to body surface area [4, 5] , the cube root of weight or cube and square root of body surface area [6, 7] , or weight and sex [8] . The clinical use of these normal ranges requires access to height and weight and/or computation of body surface area followed by reference to a graph. These normal data were also compiled on stand-alone M-mode transducers rarely used today, when two-dimensional (2D) image guidance for optimal M-line positioning is the norm. Furthermore, the M-mode measurements in most of these studies [1] [2] [3] [4] [5] [6] [7] were not performed using the subsequently recommended leading-edge-to-leading-edge convention currently accepted [9] .
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Huwez et al. have published normal data obtained on modern equipment on 127 subjects from the age of 7 months to 19·5 years, and derived mathematical formulae to predict the normal range of wall thickness and cavity dimension from the age or the body surface area of the child [10] . This again requires cumbersome calculations for each observation, with no graphs for quick reference, and the data may not be valid for children below 7 months. Most studies give only 90% or 95% prediction limits for normal measurements such that 5-10% of normal children would be classified as abnormal and would risk a spurious disease label in a condition such as hypertrophic cardiomyopathy.
The use of absolute wall thickness measurements alone to diagnose cardiac hypertrophy in adults is also inadequate, since there are clear gender differences. Left ventricular wall thickness in females is on average at least 0·1 cm less than in males [11, 12] and, in addition, there is the separate influence of body size. Thus, there is a clear absence of logic in the current use of absolute wall thickness criteria alone for the diagnosis of hypertrophic cardiomyopathy in adults. The diagnostic requirement of a wall thickness of >1·5 cm, or >1·3 cm as recommended for family screening [13] , leaves a large grey area between either measurement and the commonly accepted upper limit of normal of 1·1 cm [14] and ignores the normal gender difference.
Therefore, a measure of left ventricular hypertrophy that is independent of age, sex and body size, and where 99% prediction limits were also provided, would offer much to the clinician in a busy outpatient clinic. In addition, it may provide a more sensitive means of detecting pathological hypertrophy.
In previous studies on the treatment of hypertrophic cardiomyopathy (HCM) in children and adults, the ratios of septum and posterior left ventricular wall thickness to left ventricular internal diameter were used to assess progression or regression of hypertrophy [15, 16] . These simple ratios appeared to offer a useful tool for the assessment of progression of hypertrophy, especially in growing subjects. The current study has collected measurements from normal children and adults in order to establish the normal ranges and to explore the influence of age and body size on the values of the ratios from birth to adulthood. In order to assess the clinical usefulness of the ratios in the growing heart, values from young subjects with physiological and pathological left ventricular hypertrophy are also included.
Methods

Subjects
The 262 normal subjects consisted of normal neonates, healthy siblings of children attending the Paediatric Cardiology outpatient clinics, children and adolescents assessed for innocent heart murmurs and found to have structurally normal hearts, and adult normotensive volunteers. Two hundred subjects were children, and 62 were above 15 years of age and defined as adults. Mean and median age of the adult subjects was 27 years with a range of 15·3-59 years, but only one adult was over 40 years of age. Data from 15 patients with left ventricular hypertrophy secondary to valvar aortic stenosis, with normal myocardial function and no significant aortic incompetence, were also obtained (mean age 7·2 years, range 0·2-16 years). Finally, measurements from 11 school age competitive athletes (mean age 15·6 years, range 12-18 years) were studied to ascertain values in physiological hypertrophy in the growing child. They competed in sports involving predominantly isotonic exercise such as running and swimming.
Echocardiography
The examination was carried out in the supine position in infants and young children, and in the left lateral position in adolescents and adults. The left ventricle was imaged in a long-axis parasternal view from the third to the fifth intercostal space. The M-mode cursor was positioned on the real-time image so that it transected the septum, cavity and posterior left ventricular wall at right angles at, or just distal to, the tips of the mitral valve leaflets. Many cardiac cycles were recorded, and where possible measurements from three cycles were averaged. Measurements were made manually from recorded prints using fine point callipers and the leadingedge-to-leading-edge convention [9] .
Statistics
The summary statistics, the linear regression analysis, the confidence limits and the prediction limits were calculated with a computer software programme (Statgraphics Plus). Goodness of fit of the observed data with a normal distribution was tested with the KolmogorovSmirnov one sample test. In order to evaluate the correlation between outflow gradients and relative wall thickness without the influence of age-related change, a Z-value for each ratio was calculated for the patients with aortic stenosis. The Z-value was calculated by subtracting the age-specific mean value of the wall-tocavity ratio for normal subjects from that of the patient, and dividing the difference by the age-specific standard deviation of the mean. Figure 1 shows that the mean septum-to-cavity ratio is slightly higher at birth than it is around 3 years of age,
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after which it increases slightly with age, finally levelling off after the age of 15 years. The plot that best fits the observed data consist of a linear regression with a highly significant negative slope from birth to 3 years of age (P<0·00002), and a linear regression with a significant positive slope between age 3 and 15 years (P=0·01); after 15 years of age no significant slope is observed (Fig. 1) . The values of intercepts and slopes, correlation coefficients, and the significance values of the slopes are given in Table 1 . Both negative and positive slopes are of a low numerical value; therefore all observed data fall within a relatively narrow range, with no normal individuals having a diastolic septum-to-cavity ratio in excess of 0·26 or less than 0·12. Only neonates showed values above 0·25, and the values for adults range between 0·13 and 0·23. The average septum-to-cavity ratio is 0·23 at birth (Table 2) , drops to 0·17 around 3-5 years of age, and is 0·18 in adults (Table 2) ; the average for the whole group regardless of age is also 0·18 (standard deviation 0·03). The distribution of values shows no significant skewing, with the median equalling the mean within each age group. The range, confidence limits of the mean, and 95 and 99% prediction limits for a normal distribution, are given in Table 2 separated in clinically appropriate age bands.
Left Ventricular Diastolic Wall-to-Cavity Ratio
As illustrated in Figure 2 and Table 1 , there is a similar relationship to age as seen with septum-to-cavity ratios. The initial negative regression between these ratios and age from birth to 3 years of age is less steep but still significant (P=0·00002), and the positive regression between 3 years and 15 years is more obvious with a highly significant slope (P=0·00001). In subjects above 15 years of age there is no further change with increasing age. All observed data again fall within a relatively narrow range, with no normal individuals having a left ventricular wall-to-cavity ratio greater than 0·25 or smaller than 0·12. The average ratio is 0·18 both in neonates and in adults, with the lowest mean (0·16) observed in 3-5 year olds. There is no significant skewing in the distribution of the observations at any age group, and the range, confidence limits of the mean and the 95 and 99% prediction limits for a normal distribution in appropriate age bands are given in Table 2 .
Systolic Left Ventricular Wall-to-Cavity Ratio
As seen in Figure 3 and Table 1 there appears to be a decrease in the average systolic left ventricular wall-tocavity ratio in early life, although the slope does not The diastolic septum-to-cavity ratio (SEP-CAVR) plotted on the y-axis, versus the age in years on the x-axis. The best fit with the observed values is found when the linear regression with age is divided in three sections, between birth and 3 years of age, between 3 and 15 years of age, and above 15 years of age. This figure illustrates the individual observations, the predicted mean values at different ages using the linear regressions in these three age bands, with the 99% prediction limit at all ages illustrated. The numerical values of the regression equations are given in Table 1 . The only subject not illustrated is the 59 year old, who with a septum-to-cavity ratio of 0·19, is close to the mean for adults. Table 1 . Abbreviations: LV, left ventricular.
quite reach statistical significance (P=0·07), but the decrease stops at about 2·5 years of age, followed by a significant slow rise until 15 years of age (P=0·00003). After 15 years of age there is no further age-related change. After the age of 1 year, no values in excess of 0·61, or below 0·30, were observed in normal individuals. In adults the mean systolic ratio is 0·47 (95% confidence limits 0·46-0·49). The lowest mean value, 0·43, is observed in pre-school children age 3-5 years (95% confidence limits 0·41-0·45).
Correlation to Other Parameters
None of the three ratios is influenced by sex at any age. For instance, for both septum-to-cavity ratio and left ventricular wall-to-cavity ratio the mean for adult males is 0·18 (standard deviation 0·03 and 0·02, respectively), and the mean for adult females is also 0·18 (standard deviation 0·02 and 0·02; P=0·71 and P=0·93, respectively). In the adults (age greater than 15 years) there is no correlation with body surface area, height or weight for either septum-to-cavity ratio or for diastolic left ventricular wall-to-cavity ratio. Likewise in children, within each age band there was no correlation between these two ratios and height, weight or body surface area. If all children are analysed together there is a very slight positive correlation between body surface area and left ventricular wall-to-cavity ratio, but this is simply due to the confounding effect of age which is associated with increase in both body surface area and left ventricular wall-to-cavity ratio over the 5-15 years age range.
Inter-observer Variability
Inter-observer variability of measurements was assessed by blind measurements of two observers from the M-mode prints of 25 subjects. The mean (and standard deviation) of the difference between the measurements made by the two observers were 0·002 (0·016) for diastolic septum-to-cavity ratio; 0·000 (0·014) for diastolic left ventricular wall-to-cavity ratio; and 0·011 (0·005) for systolic left ventricular wall-to-cavity ratio. Thus, there was good agreement between the two observers.
Patient Monitoring in Hypertrophy due to Pressure-Overload
Potential uses for these simple ratios are illustrated in Figure 4 . Figure 4A shows the progression of left ventricular hypertrophy with time in three patients with valvar aortic stenosis, and the effect of surgical valvotomy or balloon valve angioplasty. The increase in relative hypertrophy associated with worsening outflowgradient and the regression of hypertrophy after successful treatment is well shown by sequential left ventricular wall-to-cavity ratio measurements. As shown in Figure  4B , a good correlation existed between the diastolic left ventricular wall-to-cavity ratio and the outflow gradient in 15 children with aortic stenosis of varying degrees of severity, even without the use of Z-values to correct for age (correlation coefficient 0·90; slope 0·0024, P<0·00001). The diastolic left ventricular wall-to-cavity ratio correlated better than either the systolic left ventricular wall-to-cavity ratio (correlation coefficient 0·85, slope 0·0077, P=0·00006) or the septum-to-cavity ratio (correlation coefficient 0·67, slope 0·0023, P=0·007). This result is probably because the former ratio is least affected by age. Thus, the correlation between Z-values derived from the diastolic left ventricular wall-to-cavity ratios and the Doppler estimated gradient is no better than that obtained using the uncorrected ratios (correlation coefficient 0·89, slope 0·120, P=0·00001). However, the correlation between systolic wall-to-cavity ratio and pressure gradient is improved by using Z-values to correct for age (correlation coefficient 0·86; slope 0·10, P=0·00005), as is the correlation between septum-tocavity ratio and pressure gradient (correlation coefficient 0·72; slope 0·11, P=0·002). Thus, in summary, the diastolic left ventricular wall-to-cavity ratio appears to be the most convenient measure for monitoring the effect of pressure-overload and can be used without age correction. In practical terms all patients with a Doppler gradient of >40 mmHg had a diastolic left ventricular Figure 3 . The systolic posterior left ventricular wall-tocavity ratio is plotted on the y-axis versus age in years on the x-axis. For this parameter the observations show a better fit with a slightly different age banding, with the initial negative correlation with age ending at age 2·5 years, with a positive correlation age 2·5-15 years, and no correlation with age in the group over 15 years of age. The figure illustrates the individual observations, and the mean and 99% prediction limits derived from linear regression equations. For space reasons the observation from the 59-year-old is not shown, but her value (0·55) is well within the normal range.
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wall-to-cavity ratio of at least 0·22 (=95% prediction limit for infants and adults), and all subjects with Doppler gradients >50 mmHg had left ventricular wallto-cavity ratios >0·24 (=99% prediction limit for adults).
Physiological Left Ventricular Hypertrophy in Athletes
School-age athletes showed significant left ventricular hypertrophy with a mean left ventricular wall thickness of 0·94 (0·16) cm and a septum thickness of 0·94 (0·12) cm, as compared with age-matched controls (n=33) with a mean left ventricular wall thickness of 0·81 cm (0·12; P=0·01), and a septum of 0·84 cm (0·12; P=0·046). However, left ventricular cavity dimension had increased in proportion to the increase in wall thickness, such that the wall-to-cavity ratios remained unchanged, with athletes having mean left ventricular wall-to-cavity ratios of 0·19 (0·03) and septum-to-cavity ratios of 0·19 (0·02) as compared to 0·18 (0·03; P= 0·43) and 0·19 (0·03; P=0·76), respectively, in the agematched controls (see Figure 5 for the distribution of individual values).
Discussion
Diastolic wall-to-cavity ratios are independent of sex, weight, height and body surface area, and remain normal in physiological cardiac hypertrophy, thereby offering obvious practical advantages over absolute wall thickness measurements in the detection of pathological left ventricular hypertrophy. Thus, the normal range can be determined by reference to age only, which is a great advantage in the assessment of the growing child. Furthermore, the age-related increase in these ratios is so small that it does not significantly interfere with the ability to detect progression or regression of cardiac hypertrophy in the growing child as illustrated by Figure 4 . It was initially hoped that the wall-to-cavity ratios would be completely independent of age, but it is clear that a biphasic response is observed, although in numerical terms the differences are small. Neonatally, the relative wall thickness ratios are a little higher, particularly of the interventricular septum. Our data on absolute septal thickness used to calculate the wall-to-cavity ratios do in fact suggest that the assumption by Huwez et al. [10] of a simple linear relationship between absolute wall thickness and age is not correct below 1 year of age.
There are probably three factors influencing the high relative wall thickness at birth and in the first 12 months of life. Firstly, the right ventricular contribution to total septal thickness reduces in response to the postnatal fall in right ventricular pressure. Secondly, newborn babies and infants have higher sympathetic nervous tone and heart rate than older children and therefore the Starling curve of the myocardium is probably shifted to the left, i.e. a smaller left ventricular diameter is required for any given workload. Thirdly, the cavity dimension needs to increase rapidly during the first few years of life when the body surface area is increasing more rapidly than [14] . Thus, a rapid increase in left ventricular diameter in infancy contributes to the reduction in relative wall thickness. The subsequent very slow rise in the relative wall thickness of the left ventricle, occurring from about 3 years of age, may be related to the slow increase in systolic blood pressure that occurs throughout childhood, as it appears to cease at about the same time as adult blood pressure levels are reached.
Clinical Use of Wall-to-cavity Ratios in Children
There is a definite need for a convenient but reliable way of following the progress of left ventricular hypertrophy in the growing child which we now provide in the form of wall-to-cavity ratios. The existing published data relating absolute wall thicknesses to body surface area were obtained by equipment rarely used today and are cumbersome to use [4] [5] [6] [7] . They are also insensitive by virtue of looking at each measure in isolation. For instance, a child with a body surface area of 0·8 m 2 could have an interventricular septum on the 95th centile and a left ventricular diastolic diameter on the 5th centile (using data from the graph published by Henry [7] ), but actually have a pathologically hypertrophied heart, because the septal wall-to-cavity ratio would be 0·26, well above the 99th centile for a child of 3-5 years of age (99th centile=0·22, see Table 2 ). Furthermore, the ratios can also be used to monitor left ventricular dilatation in patients with dilated cardiomyopathy, where progressive left ventricular dilatation can be differentiated from age-related growth by a steady fall in wall-to-cavity ratios. A study on children with dilated cardiomyopathy has shown that both diastolic septum-to-cavity ratio and systolic left ventricular wall-to-cavity ratio are significant predictors of outcome (Chernobelska, Table 2 . Mean, 95% confidence limits of the mean, and prediction limits for relative heart wall thickness in selected age groups. This table shows the mean, median, standard deviation, the 95% confidence limits of the mean, the range of observed values, and the 95% and 99% prediction limits for a normal distribution for children grouped in appropriate size age bands in relation to the relationship between age and wall-to-cavity ratios, and with the values for adults given separately. Within each age group the observed values are normally distributed as tested with the Kolmogorov-Smirnov one sample test, although there is some positive skewing of the observed systolic left ventricular wall-to-cavity ratios in the infant 6-12 month group. The 15 subjects between age 1 month and 6 months of age have not been averaged because of the rapid rate of change in this age band. The age bands are inclusive, so that, for instance, the 1-2 year band includes children with ages between 1.0 to 2.99 years, and so forth. 0·16  0·03  0·16-0·17  0·12-0·24  0·12-0·22  0·12-0·24  LVCAVR  0·16  0·15  0·02  0·15-0·16  0·12-0·21  0·12-0·20  0·12-0·21  SYSCAVR  0·43  0·42  0·07  0·41-0·45  0·30-0·57  0·33-0·56  0·30-0·57  Age 6-10 years (n=37)  SEPCAVR  0·17  0·17  0·03  0·17-0·18  0·12-0·21  0·12-0·21  0·12-0·24  LVCAVR  0·17  0·17  0·02  0·16-0·17  0·13-0·21  0·13-0·20  0·13-0·21  SYSCR  0·46  0·46  0·07  0·43-0·48  0·30-0·59  0·34-0·58  0·30-0·59  Age 11-15 years (n=33)  SEPCAVR  0·18  0·18  0·03  0·17-0·19  0·12-0·25  0·13-0·23  0·12-0·25  LVCAVR  0·18  0·18  0·03  0·17-0·19  0·11-0·24  0·13-0·23  0·11-0·24  SYSCAVR  0·48  0·47  0·07  0·46-0·50  0·32-0·62  0·36-0·61  0·32-0·62  Adult, age >15 years (n=62)  SEPCAVR  0·18  0·18  0·02  0·18-0·19  0·13-0·23  0·14-0·23  0·12-0·25  LVCAVR  0·18  0·18  0·02  0·17-0·19  0·13-0·23  0·13-0·22  0·12-0·24  SYSCAVR  0·47  0·47  0·07  0·46-0·49  0·30-0·63  0·34-0·61  0·30-0·65 Abbreviations: C.L., confidence limits of the mean; LVCAVR, diastolic posterior left ventricular wall-to-cavity ratio; S.D., standard deviation; SEPCAVR, diastolic septum-to-cavity ratio; SYSCAVR, systolic posterior left ventricular wall-to-cavity ratio.
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O } stman-Smith and Burch, submitted for publication). Thus the lower, as well as the higher, prediction limits have clinical relevance. Clearly there are limitations to the use of wall-to-cavity ratios in complex or predominantly right-sided heart disease, where normal septal curvature may be disrupted, resulting in a reduced left ventricular diameter. With those provisos however, they provide a helpful tool in the assessment of left heart hypertrophy, particularly as they remain normal in physiological hypertrophy. The expression of wall thickness and cavity size as a ratio has been explored previously, but because Laplace's law was invoked as a rationale, the left ventricular radius was determined, and used to calculate a radius/wall thickness ratio [17] . In this procedure the value falls with hypertrophy and increases with dilatation, and no normal values for this ratio in childhood have been published. Other authors used systolic wall thickness/systolic left ventricular diameter [18, 19] or diastolic wall thickness/diastolic radius [20] as a predictor of left ventricular systolic pressure in compensated aortic stenosis. The advent of Doppler techniques to predict aortic valve gradients has largely superseded the use of these ratios. It is not suggested that the use of wall-to-cavity ratios is better than a Doppler estimate of the gradient, but it is clear from our observations that the systolic ''Bennett-formula'', [18] and the currently illustrated diastolic left ventricular wall-to-cavity ratios, are of considerable value in detecting the patients in whom the Doppler method has underestimated the gradient due to poor alignment with the jet (see case illustrated in Figure 4A ). This is not infrequent in the paediatric age group, where infants and young children are often too restless to allow a careful measurement of Doppler velocities unless heavy sedation is used. Our study suggests that in children with aortic stenosis a diastolic left ventricular wall-to-cavity ratio d0·22 is evidence of a significant aortic valve gradient, and a ratio >0·24 of a potentially dangerous gradient. These values will identify children for whom an examination under sedation is advisable. It is noteworthy that in this study the correlation between relative wall thickness and pressure overload in children is better for the diastolic than for the systolic wall-to-cavity ratio.
A wall thickness/radius ratio has also been used in the study of physiological hypertrophy in athletes [21, 22] . However, for ease of use in a clinical context it is more convenient to use the actual measurement (i.e. left ventricular internal diameter), and to divide the wall thickness by the diameter to get an increase with cardiac hypertrophy, in the way it was used to monitor growing children with hypertrophic cardiomyopathy [15, 16] . Absolute wall thickness measurements do not differentiate between physiological and pathological hypertrophy and give no consideration to the effects of gender. This is vividly illustrated in a major prevalence study of hypertrophic cardiomyopathy in childhood in which cases were diagnosed on absolute wall thickness criteria alone. This autosomal dominant condition showed a 3:1 male preponderance in the 0-20 year age range [24] , suggesting that this methodology is insufficiently sensitive to diagnose affected females. In contrast, studies using the septum-to-cavity ratio as a diagnostic marker for hypertrophic cardiomyopathy in childhood successfully identified affected subjects with no undue sex bias, using a septum-to-cavity ratio cut-off of >0·26 [23] . A systolic LV wall-to cavity ratio >0·63 was also an excellent screening measure in children over 4 years of age. [23] Furthermore, in childhood hypertrophic cardiomyopathy higher wall-to-cavity ratios correlated with a higher risk of disease-related death [25] and may therefore be useful markers of high-risk individuals.
Clinical Use of Wall-to-cavity Ratios in Adults
The fact that septum and left ventricular wall-to-cavity ratios are not influenced by sex, weight or body surface area in the adult means that they are likely to be more sensitive than the measurement of absolute left ventricular wall thickness in the detection of pathological left ventricular hypertrophy. Thus, these ratios should be an important advance with particular clinical value in adults with hypertension in whom the presence of left ventricular hypertrophy is associated with an adverse prognosis [26] [27] [28] . The effect of anti-hypertensive therapy on regression of left ventricular hypertrophy in this condition could be observed, and conversely the progression of left ventricular outflow obstruction in patients with pressure overload, e.g. due to aortic stenosis, could also be monitored. Use of wall-to-cavity ratios should also reduce the underdiagnosis of adult females with mild HCM suggested by a 3:1 male preponderance in incidence studies using wall thickness criteria alone [29] .
Conclusions
The diastolic left ventricular wall-to-cavity ratio provides a simple and convenient tool to assess the effect of pressure overload on the left ventricle, whilst remaining normal in physiological left ventricular hypertrophy. The fact that wall-to-cavity ratios are independent of sex and body-size increases their sensitivity in the detection of abnormal wall hypertrophy of any aetiology. Thus, they provide a practical advance over the use of absolute wall thickness in the assessment of both children and adults. 
